S pinal arthrodesis has become a common technique in the surgical treatment of symptomatic degenerative disease of the lumbar spine. Posterior instrumented lumbar fusion is a common surgical procedure performed for a large spectrum of clinical indications in the lumbar spine, including degenerative disorders, tumors, infection, and trauma. 4 Technological advances have resulted in increased fusion rates, while decreasing the need for postoperative immobilization and brace therapy. 3,13 However, there is a growing body of evidence that lumbar fusion may have undesirable long-term effects on the remainder of the spine, particularly on the immediately adjacent motion segments. 5, 7 Although instrumented fusion has been demonstrated AbbreviAtioNs ASD = adjacent-segment disease; PET = polyethylene terephthalate; VAS = visual analog scale. objective The development of symptomatic adjacent-segment disease (ASD) is a well-recognized consequence of lumbar fusion surgery. Extension of a fusion to a diseased segment may only lead to subsequent adjacent-segment degeneration. The authors report the use of a novel technique that uses dynamic stabilization instead of arthrodesis for the surgical treatment of symptomatic ASD following a prior lumbar instrumented fusion. methods A cohort of 28 consecutive patients was evaluated who developed symptomatic stenosis immediately adjacent to a previous lumbar instrumented fusion. All patients had symptoms of neurogenic claudication refractory to nonsurgical treatment and were surgically treated with decompression and dynamic stabilization instead of extending the fusion construct using a posterior lumbar dynamic stabilization system. Preoperative symptoms, visual analog scale (VAS) pain scores, and perioperative complications were recorded. Clinical outcome was gauged by comparing VAS scores prior to surgery and at the time of last follow-up. results The mean follow-up duration was 52 months (range 17-94 months). The mean interval from the time of primary fusion surgery to the dynamic stabilization surgery was 40 months (range 10-96 months). The mean patient age was 51 years (range 29-76 years). There were 19 (68%) men and 9 (32%) women. Twenty-three patients (82%) presented with low-back pain at time of surgery, whereas 24 patients (86%) presented with lower-extremity symptoms only. Twenty-four patients (86%) underwent operations that were performed using single-level dynamic stabilization, 3 patients (11%) were treated at 2 levels, and 1 patient underwent 3-level decompression and dynamic stabilization. The most commonly affected and treated level (46%) was L3-4. The mean preoperative VAS pain score was 8, whereas the mean postoperative score was 3. No patient required surgery for symptomatic degeneration rostral to the level of dynamic stabilization during the follow-up period. coNclusioNs The use of posterior lumbar dynamic stabilization may offer a valid and safe option for the management of patients who develop ASD rostral to a previously instrumented arthrodesis. The technique may serve as an alternative to multilevel arthrodesis in this patient population. By implanting a dynamic stabilization device instead of an extension of a rigid construct, this might translate into a reduction in the development of yet another level of ASD.
to have satisfactory clinical results, it has been reported to accelerate degenerative changes at adjacent levels. Adjacent-segment disease (ASD) is a term used to describe any abnormal symptomatic change that can develop in the spinal segment adjacent to a solid fusion level, such as disc herniation, lumbar instability, stenosis, or facet joint arthropathy. 17 Adjacent-segment disease also represents the symptomatic degenerative changes of the adjacent level resulting in clinical presentation of back pain and/or radiculopathy. 9 This degeneration is typically seen rostral to a fused segment but may also occur caudal to a fusion, especially when the fusion occurs at the L4-5 level. Many studies have reported on an acceleration of the process of degeneration in the spinal segment adjacent to a level of prior arthrodesis that may result in poor clinical outcome and sometimes a need for further surgery. 18 Multiple dynamic stabilization systems are currently available, and all use a variety of motion-preserving technologies ranging from semirigid rods to ball-and-socket joints. 2 The use of dynamic stabilization for the treatment of ASD at the rostral end of an instrumented arthrodesis might therefore reduce further progression of the degenerative process by decreasing hypermobility and stresses in adjacent levels. 10, 22 At our institution, the Dynesys Dynamic Stabilization System (Zimmer Spine) has been used for this clinical indication. This study was undertaken to evaluate a series of patients in whom posterior dynamic stabilization was used instead of arthrodesis for symptomatic adjacent-level stenosis of the lumbar spine. Approval for the study was received from the University of Pittsburgh's institutional review board.
methods
A retrospective study at a single institution was performed to review and evaluate a cohort of patients who underwent posterior lumbar dynamic stabilization instead of arthrodesis for symptomatic ASD with a history of instrumented lumbar fusion. Patients with degenerative lumbar disc disease were chosen to undergo the procedure if they were candidates for fusion and had symptomatic adjacent-level pathology in which dynamic stabilization was believed to be more appropriate than arthrodesis. The inclusion criteria for patient enrollment were symptomatic (back pain and/or radiculopathy) ASD with a history of instrumented fusion. Conservative treatment must have failed in all patients for at least 6 months. Medical records were reviewed to include demographic data, comorbidities, smoking status, preoperative symptoms, and visual analog scale (VAS) pain scores. Clinical outcome was gauged by comparing VAS scores prior to surgery and at the time of the last follow-up visit. Perioperative data such as treated spinal segment, blood loss, complications, and hospital stay were also analyzed. Preoperative and postoperative imaging studies including radiographs, MR images, CT scans, and provocative discograms were reviewed when available. Furthermore, the imaging studies obtained prior to the primary (fusion) surgery were reviewed to identify whether the levels involved in ASD demonstrated any signs of degeneration prior to the index surgery.
A decompressive laminectomy was performed in all cases such that the neural elements were completely and adequately decompressed prior to placement of the dynamic stabilization instrumentation. The Dynesys Dynamic Stabilization System (Zimmer Spine) was used in all cases (Fig. 1) . The Dynesys system is composed of pedicle screws, polyethylene-terephthalate (PET) cords, and polycarbonate urethane spacers. The spacers are placed bilaterally between the pedicle screw heads to withstand compressive loads. The cords are run through the hollow core of the spacers and stabilize the construct by a tensile preload. 20 The Dynesys system is currently approved by the US FDA as an adjunct to spinal fusion. Its use for this study was in an off-label manner.
Patients are placed prone with care taken to preserve the natural lordosis of the lumbar spine. A standard midline lumbar incision over the spinous processes of the vertebrae is used with a bilateral subperiosteal muscle separation approach. This approach is necessary to properly expose the previously placed instrumentation as well as the new symptomatic adjacent level. All pedicle screws are placed under real-time fluoroscopy to ensure appropriate placement. Correct screw placement is absolutely necessary for optimal functioning of the Dynesys system. A spacer template is used to determine the correct position of the screws. Pedicle screws are placed lateral to the facet joints to avoid facet disruption. A spacer template is used to determine the correct position of the screws relative to one another, to allow for optimal placement of the spacer device. A pedicle probe is used to create a channel for the screw under fluoroscopic guidance. Every attempt is made to use the largest-diameter and longest screw possible according to the patient's anatomy. The pedicle screw is advanced in a lateral-to-medial trajectory until the head of the screw is at the synovium of the joint.
Following pedicle screw placement, a pedicle distance gauge is placed between the screw heads in the center of the holes to measure the appropriate spacer length. The distance (spacer length) is measured with a slight distraction force. The PET cord is then advanced through the first screw with at least 10 mm of cord remaining outside the screw head. The antitorque instrument is placed onto the screw head. The set-screw driver is applied to the screw head and tightened until the torque-limiting driver snaps. The cord is pushed through the appropriately sized spacer, and the spacer is placed against the first screw head. The cord is then inserted through the second screw. The cord guide is placed on the guide pin and screw, and the cordtensioning instrument is placed on top of the cord guide. Care is taken to keep the cord, spacer, and screws in absolute proper alignment.
The cord-tensioning instrument is used to pull the spacer into proper position. The set screw is inserted into the cord guide using the set-screw starter. The set-screw driver is attached to the torque-limiting driver and then engaged with the set screw. While maintaining tension on the cord, the set screw is tightened until the torquelimiting driver snaps. The procedure is repeated for the contralateral side, and can be repeated for adjacent levels if needed. When the system is fully tensioned the cords are cut, leaving at least 10 mm of cord extending from the screw heads (Fig. 2) .
results patient population
Between 2007 and 2014, a total of 28 patients who had undergone a prior lumbar fusion underwent posterior lumbar dynamic stabilization using the Dynesys System for symptomatic adjacent-segment degeneration and stenosis. The mean follow-up duration was 52 months (range 17-94 months). Twenty-four patients (86%) presented with lowback pain at the time of surgery, whereas 25 patients (89%) presented with lower-extremity symptoms (17 patients with radiculopathy and 8 patients with classic neurogenic claudication). The mean patient age was 51 years (range 29-76 years). There were 19 men (68%) and 9 women (32%). Five patients (18%) had diabetes, 12 patients (43%) were hypertensive, 2 patients (7%) had chronic obstructive pulmonary disease, 2 patients (7%) had symptomatic coronary artery disease, and only 1 patient (4%) had a positive dual-energy x-ray absorptiometry (DEXA) scan for osteoporosis. Ten patients (35%) were actively smoking at the time of surgery.
operative data
Dynamic stabilization instrumentation was placed immediately following a standard decompressive laminectomy and foraminotomy procedure at the level of symptomatic lumbar stenosis. Twenty-four patients (86%) underwent operation with single-level dynamic stabilization, 3 patients (11%) were treated at 2 levels, and 1 patient underwent 3 levels of decompression followed by dynamic stabilization at all 3 levels-for 33 treated levels in 28 patients. The most common instrumented level was L3-4, with 13 patients (46%). The L4-5 level was instrumented in 9 patients (32%), the L2-3 level in 9 patients (32%), and the L1-2 level in 2 patients (7%). In addition to the decompressive laminectomy, 4 patients (14%) underwent concomitant discectomy. In these 4 cases, it was thought that the disk herniation was contributing to the nerve root compression. The average surgical blood loss was 500 ml for the cohort.
clinical outcomes
The mean length of hospital stay was 3 days (range 2-6 days). The mean interval from the time of primary (fusion) surgery to the dynamic stabilization surgery was 40 months (range 10-96 months). For the entire group, the mean preoperative VAS pain score was 8, and the mean postoperative VAS score was 3. No patient required surgery for symptomatic degeneration rostral to the level of dynamic stabilization during the follow-up period. The preoperative imaging studies at the index fusion surgery were available for 18 patients. Examination of the dynamically instrumented segment showed no evidence of degeneration in 10 patients, whereas in 8 patients there was evidence of degeneration as seen on MRI at the levels that were subsequently treated with decompression and dynamic stabilization (Fig. 3) . Surgical complications included intraoperative durotomy that occurred in 4 patients (14%). A single patient developed a wound infection that required surgical treatment.
discussion
The phenomenon of ASD, referring to accelerated degenerative changes occurring at the ends of the fused spine, has received increasing attention as ever more spinal fusions are performed and long-term follow-up becomes available. 5, 13, 20 Adjacent-segment degeneration may occur as a natural part of aging or due to continuation of the initial degenerative process of the spine. However, this phenomenon appears to be accelerated by changes in the range of mobility and stress alteration that follow solid lumbar fusion. 16 The phenomenon is thought to be due to the altered biomechanics of the fused spine, wherein abnormal forces acting upon the intervertebral discs and facet joints adjacent to the fused segment precipitate the accelerated failure of these stabilizing elements. 11 Cadaveric studies have described and demonstrated the occurrence of hypermobility and increased stress at the spinal segment adjacent to a solid fusion level. 16 It has been observed that adjacent-segment degeneration tends to be more common when there was evidence of degeneration in the adjacent level at the time of initial fusion surgery. 8 Although the time course and prevalence of ASD are not fully known, there is increasing evidence in the spine literature that its effects may be seen soon after fusion surgery, and in as many as 30% of patients. 5, 7 A large retrospective analysis by Cheh et al. revealed a rate of clinical ASD of 30.3% and showed that patients who developed adjacent-level disease had significantly worse Oswestry Disability Scale scores that those who did not. These investigators further identified age > 50 years at time of surgery, increasing length of fusion, and extension of the fusion to L1-3 as significant risk factors for the development of ASD. No significant difference was identified between those undergoing posterior versus circumferential fusion. 5 Both clinical and laboratory investigations have shown a higher incidence of adjacent-segment degeneration in the levels immediately adjacent to a solid fusion. Lee and Langrana, among others, showed that there is heightened stress at the facet joints of L3-4 and L4-5 after lumbosacral arthrodesis. Axelsson et al. assessed adjacent segments with the use of radiographic analysis and found hypermobility in the so-called juxta-fused segment. 1, 11, 17 In their review, Park et al. showed that by radiological criteria only, the incidence of adjacent-segment degeneration varies anywhere from 8% to 100%, whereas studies involving symptomatic ASD report an incidence ranging from 5% to 18%. 17 The incidence of adjacent-segment degeneration and ASD following solid lumbar fusion ranged from 14% to 34% in yet another publication. 22 In an attempt to address the problem of adjacent-level disease and degeneration, posterior dynamic stabilization devices have been developed. 2, 12, 13, 15, [19] [20] [21] Posterior dynamic stabilization, in which pedicle screw fixation is coupled with a flexible longitudinal connecting system, presumably allows for the normalization of intersegmental motion. This stands in contrast to traditional fusion surgery, in which the goal is complete and immediate elimination of motion and, ultimately, arthrodesis. By restoring normal motion, mobility is theoretically preserved rather than eliminated, and the forces acting above and below the construct are altered to a lesser extent, reducing the potential undesirable effects of fusion. These devices theoretically avoid an abrupt transfer of stress from a rigid construct to the neighboring segments and thereby potentially dimin- ish the risk of adjacent-segment deterioration. 23 The efficacy of the Dynesys system as a posterior lumbar dynamic stabilization device has been supported by published biomechanical as well as clinical studies. 6, 10, 12, 19 In their anatomical study, Strube et al. concluded that increasing the fused levels and stiffness of a fusion system would result in compensatory increase of the range of mobility of the adjacent segment, which might lead to or accelerate the degenerative process in the adjacent segment. They also found that using the Dynesys system adjacent to a singlelevel fusion might prevent hypermobility in the adjacent level. 22 Postoperative MRI and laboratory studies have shown the ability of the Dynesys system to preserve motion in the surgically treated level, while at the same time limiting motion in extension, flexion, and lateral bending. 14, 22 Results from several clinical studies have demonstrated the advantages of a dynamic stabilization procedure in reducing the incidence of adjacent-segment degeneration as compared with fusion surgery. Putzier et al. found that the use of a dynamic stabilization device immediately adjacent to a single-level fusion lowered the incidence of adjacentsegment degeneration at the level immediately adjacent to the treated level to 9.1%, compared with 24.0% in the isolated fusion group. However, this study also found a 9.1% incidence of degeneration in the more distant levels. 17, 18, 23 In a systematic review of literature, Zhou et al. found that the incidence of adjacent-segment degeneration was statistically lower in patients treated by dynamic stabilization compared with solid fusion. There was a tendency for a lower incidence of ASD following dynamic stabilization. In addition, there was a significantly lower incidence of adjacent-segment degeneration when additional dynamic stabilization systems were applied next to a solid fusion level. 23 In the current study, a novel technique for the treatment of patients who develop ASD rostral to a previous solid lumbar fusion is reported. Clinical improvement, as measured by changes in VAS pain scores, was consistent with what one would expect in symptomatic patients after a laminectomy and adequate decompression of the neural elements had been achieved. More importantly, with longterm follow-up of 2 to 8 years, no patient in this cohort required a subsequent third lumbar spine arthrodesis surgery due to adjacent-level degeneration rostral to the level of dynamic stabilization. This lack of further surgery is of important clinical significance in this high-risk cohort of patients who already had developed symptomatic adjacent-level pathology requiring at least a second decompressive surgery and stabilization in all cases.
conclusions
Posterior dynamic stabilization was used instead of extending a solid fusion on the basis of a growing body of evidence that demonstrates that posterior solid lumbar fusion may accelerate or negatively affect the process of adjacent-segment degeneration and disease. By implanting a dynamic stabilization device instead of an extension of a rigid construct, this might translate into a reduction in the development of yet another ASD. Increasing the number of already fused lumbar segments would accelerate adjacent-segment degeneration. Importantly, the technique was associated with a very low rate of complications. The use of posterior lumbar dynamic stabilization may offer a valid and safe option for the management of patients who develop ASD rostral to a previous instrumented arthrodesis, thus preventing subsequent spinal arthrodesis.
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